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Abstract 
Aluminium matrix composites (AMCs) consist of a comparatively soft aluminium alloy and hard ceramic particles. Due to their 
elevated properties, these materials are used for high-performance lightweight constructional components. Applications in 
tribologically loaded systems often require a defined friction behaviour, which can be gained by an appropriate microstructuring of 
the surface. Experimental investigations in turning of AA2124 with 25 % volume proportion of SiC particles have shown that an 
ultrasonic vibration assistance enables the generation of a microstructured surface in finish cutting without any additive process. 
Furthermore, an ultrasonic vibration assistance in the radial direction or in the cutting direction respectively leads to stronger 
compressive residual stresses in the surface layer, which increases the fatigue strength of the components. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The development and production of construction 
components are characterized by raising demands 
concerning performance, functionality and resource and 
energy efficiency. More and more, this requires the use 
of heavy duty materials like composites, especially for 
lightweight construction applications. One group of 
high-performance materials are aluminium matrix 
composites (AMCs). These materials consist of an 
aluminium alloy as parent material and a reinforcing 
component like fibres, whiskers or particles. AMCs 
exhibit a higher Young’s modulus, yield strength, 
fatigue strength, creep strength and wear resistance 
compared to unreinforced aluminium alloys. But, in 
addition to increased costs of suchlike composites, 
machining of AMCs involves a faster tool wear [1] and 
surface imperfections at the components like voids, 
microcracks and fractured or crushed particles [2].  
It is well known that the functional performance of 
components is significantly influenced by surface 
properties generated in machining. However, precise 
interrelations between the machining processes, surface 
properties and functional performance are to a large 
extent unknown, in particular for new materials like 
composites. For dynamically loaded components, 
smooth surfaces without appreciable imperfections and 
strong compressive residual stresses are beneficial. 
Investigations in the influence of surface roughness and 
residual stresses on the number of cycles to failure 
confirmed these relations for AMCs [3]. In tribologically 
loaded systems, microstructures in the surface can act as 
lubricant reservoir. Furthermore, they enable the 
inclusion of wear particles and increase the 
hydrodynamic pressure in the contact area. This reduces 
both friction and wear significantly and increases the 
load carrying capacity [4]. 
Comprehensive research in ultrasonic vibration 
assisted machining has shown that an ultrasonic 
vibration assistance provides many advantages. In 
addition to an extended tool life, reduced burr formation 
and the opportunity for machining ferrous materials with 
diamond tools and brittle materials in the ductile regime, 
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an improved surface finish [5] and a predefined 
microstructuring of the surface can be realized [6]. For 
face turning of AMCs surface roughness values can be 
decreased by an ultrasonic vibration assistance in the 
cutting direction [7].    
The focus of this paper lies in the investigation of the 
ultrasonic vibration assisted directional effect on surface 
properties including roughness, structure and residual 
stresses. The aim of this study is the identification of 
opportunities for using an ultrasonic vibration assistance 
to microstructure the surface, generate strong 
compressive residual stresses and reduce surface 
imperfections like voids. 
 
Nomenclature 
ap  (nominal) depth of cut 
ap, res  resultant depth of cut 
A  amplitude 
dc dimension in the circumferential 
direction 
f  (nominal) feed 
fres  resultant feed 
fus  ultrasonic frequency 
rε  corner radius 
Rz  surface roughness depth 
Rztheor theoretical roughness in the axial 
direction 
t  time 
vc  (nominal) cutting speed 
vc, res  resultant cutting speed 
vf  feed velocity 
vvib  vibration velocity 
σrs, axial direction residual stress in the axial direction 
σrs, circumfer. direction residual stress in the circumferential 
direction 
σrs, 1  first principal residual stress  
ω   pulsatance 
2. Experiment 
The AMC used consists of an aluminium alloy 
AA2124 as parent material and SiC particles with a 
volume proportion of 25 % and a dominant size of 
approximately two to three microns. This composite is 
manufactured by a powder metallurgy route using a high 
energy mixing process. The powder is compacted by hot 
isostatic pressing. In order to increase the strength, the 
material is extruded and heat treated to the condition T4. 
Specimens used for the investigations are 20 mm long 
and had a diameter of 25 mm and 21 mm respectively. 
The experiments in external turning were carried out 
on a SPINNER precision lathe. In order to machine the 
whole length, specimens were clamped with a mandrel. 
For the realization of an ultrasonic vibration assistance a 
special ultrasonic device was mounted in the machine 
tool. However, there are different setups necessary to 
investigate the influence of the vibration direction on the 
surface properties. Fig. 1 shows the different variants 
concerning the ultrasonic vibration direction 
schematically.  
  
 
Fig. 1. Variants of ultrasonic vibration assistance in turning 
(a) vibration in the radial direction; (b) vibration in the cutting 
direction; (c) vibration in the feed direction 
For the ultrasonic vibration assistance in the radial 
and the feed direction different sonotrodes were used 
and the diameter of the specimens was 25 mm. The 
ultrasonic vibration assistance in the cutting direction 
was realized with a translator inertia screwed on the end 
face of the transducer. Because of the geometrical edge 
conditions specimens with a diameter of only 21 mm 
were machined. The indexable inserts were screwed on 
the sonotrodes and the translatory inertia respectively. 
The ultrasonic vibration systems have a resonance 
frequency of approximately 24 kHz. The amplitudes of 
the different ultrasonic devices measured at the cutting 
tool corner were varied by setting up the generator in the 
range of 60 % to 100 %. The amplitudes in the directions 
according to Fig. 1 were measured with a laser 
vibrometer and are listed in Table 1. 
Table 1. Ultrasonic vibration amplitude near the tool corner according 
to the generator setup 
Generator 
setup 
Amplitude A of the tool vibration in 
Cutting 
direction 
Radial 
direction 
Feed  
direction 
60 % 2.3 μm 2.2 μm 2.0 μm 
80 % 3.6 μm 3.3 μm 2.9 μm 
100 % 4.9 μm 4.3 μm 3.8 μm 
 
Because of the highly abrasive effect of the silica 
particles, CVD (chemical vapour deposition) diamond 
tipped indexable inserts with a polished rake face were 
used reducing the tendency for the formation of built-up 
edges. The inserts have very sharp cutting edges with a 
radius of about 3 μm. The type of the inserts was CCGW 
with the size 09T304 for the ultrasonic vibration 
assistance in the cutting direction and the size 120404 
for ultrasonic vibration assistance in the radial and in the 
feed direction. The inserts have a corner angle of 80° 
vf
vc
vvib
vvib
vvib
vf vf
vc vca) b) c)
127 Andreas Nestler and Andreas Schubert /  Procedia CIRP  13 ( 2014 )  125 – 130 
 
and a clearance angle of 7°. The corner radius constitutes 
0.4 mm. The cutting edge angle of the installed inserts 
was 95°. The tool geometry is represented in Fig. 2. 
 
 
Fig. 2. Cutting tool geometry  
All cutting tests were done using emulsion cooling 
with a concentration of about 5 % to reduce the tendency 
for built-up edge formation. Feed and depth of cut were 
kept constant at f = 0.1 mm and ap = 0.5 mm. Cutting 
speed was varied in the range of 25 m/min to 100 m/min. 
For the experiments amplitudes in the range of 60 % to 
100 % generator setup were used. Furthermore, cutting 
tests without ultrasonic vibration assistance were 
conducted to generate a basis of comparison. All 
parameter combinations chosen were tested thrice. 
The surface roughness in the axial direction and in the 
circumferential direction was measured with a stylus 
instrument. The measuring length was 4 mm for the 
axial direction and 1.25 mm for the circumferential 
direction using filters according to ISO 11562. 
Furthermore, SEM (scanning electron microscope) 
micrographs of the specimens’ surfaces were generated 
in order to analyse the surface structure. A laser 
scanning microscope was used for recording three-
dimensional surface profiles. The residual stresses in the 
surface layer were determined by X-ray diffraction 
analysis. The measurements were done with a cobalt 
anode in the lattice planes {420} of the aluminium phase 
using the sin² ψ method. Thereby, an area with a 
diameter of approximately 2 mm was analysed. 
3. Results and discussion 
3.1. Influence of ultrasonic vibration assistance on 
surface structure 
The most commonly setup used is the ultrasonic 
vibration assistance in the cutting direction. During 
machining the resultant cutting speed vc, res changes in 
the form  
)( cos)( , tAvtv cresc  ZZ  (1) 
with the angular frequency 
usf SZ 2 . (2) 
For a product of the amplitude and the angular 
frequency larger than the value of the cutting speed vc, 
the tool is temporarily not in contact with the workpiece. 
Referring to Equation (1), for typical amplitudes and 
frequencies the cutting speed has to be comparatively 
small to realize a tool disengagement. For the tests 
carried out this condition was only fulfilled when 
machining with a cutting speed of 25 m/min. In this 
case, cutting is characterized by an interrupted chip 
formation.  
Fig. 3 shows SEM micrographs with different 
magnifications of a specimen’s surface generated with 
ultrasonic vibration assistance in the cutting direction at 
a cutting speed of 50 m/min. It can be seen that the 
surface is characterized by a lot of voids caused by the 
inhomogeneity of the composite material. 
 
      
Fig. 3. SEM micrographs of a surface generated with ultrasonic 
vibration assistance in the cutting direction (ap = 0.5 mm, f = 0.1 mm, 
vc = 50 m/min, fus ≈ 24 kHz, A ≈ 3.6 μm) 
(a) SEM magnification 100; (b) SEM magnification 500 
However, the ultrasonic vibration assistance in the 
cutting direction has only negligible influence on the 
theoretical roughness, both in the axial direction and in 
the circumferential direction. This is in accordance with 
the results represented in Fig. 4.  
 
 
Fig. 4. Influence of the amplitude on surface roughness in turning with 
ultrasonic vibration assistance in the cutting direction (ap = 0.5 mm, 
f = 0.1 mm, vc = 50 m/min, fus ≈ 24 kHz) 
The surface roughness values measured in the axial 
direction are higher than the value of the theoretical 
roughness 
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Hr
fRztheor  8
2
  , (3)  
which amounts approximately 3.1 μm for a feed of 
0.1 mm and a corner radius of 0.4 mm. The higher 
measuring values can be, among others, explained by a 
deviation of the real cutting edge geometry from the 
nominal geometry and surface defects like small voids. 
The surface roughness values in the circumferential 
direction are much smaller than the values measured in 
the axial direction, because the theoretical roughness in 
the circumferential direction is near to zero.   
An ultrasonic vibration assistance in the radial 
direction enables the generation of a microstructured 
surface. The resultant depth of cut ap, res changes 
according to the equation 
)( sin)( , tAata presp  Z . (4)  
The width of the surface structures corresponds to the 
feed and the dimension in the circumferential direction 
dc can be calculated by the equation 
 
us
c
c f
vd  . (5) 
Fig. 5 represents the influence of the cutting speed on 
the surface structure.  
 
    
 
    
Fig. 5. SEM micrographs of surfaces generated with ultrasonic 
vibration assistance in the radial direction (ap = 0.5 mm, f = 0.1 mm, 
fus ≈ 24 kHz, A ≈ 3.3 μm) 
(a) vc = 25 m/min, SEM magnification 100; (b) vc = 25 m/min, SEM 
magnification 500; (c) vc = 100 m/min, SEM magnification 100; 
 (d) vc = 100 m/min, SEM magnification 500 
It can be seen that an ultrasonic vibration assistance 
in the radial direction leads to a markedly reduction of 
the number and size of the voids compared to surfaces 
generated by an ultrasonic vibration assistance in the 
cutting direction. The dimension of the microstructures 
in the circumferential direction complies with the 
calculated values. An increase of the cutting speed leads 
to a linear raise of the value dc. The roughness values 
measured in the axial direction and in the circumferential 
direction are represented in Fig. 6 and Fig. 7.  
 
 
Fig. 6. Influence of the amplitude on surface roughness in turning with 
ultrasonic vibration assistance in the radial direction (ap = 0.5 mm, 
f = 0.1 mm, vc = 50 m/min, fus ≈ 24 kHz) 
 
Fig. 7. Influence of the cutting speed on surface roughness in turning 
with ultrasonic vibration assistance in the radial direction 
(ap = 0.5 mm, f = 0.1 mm, A ≈ 3.3 μm, fus ≈ 24 kHz) 
It can be seen that the roughness values rise with an 
increase of the amplitude and the cutting speed 
respectively. However, for the parameter range tested 
the influence of the cutting speed is much stronger than 
the influence of the amplitude. Theoretically the surface 
roughness in the circumferential direction should 
correspond with the double of the amplitude and the 
cutting speed should have no influence on the surface 
roughness. But, the very high maximum vibration 
velocity leads to a strong change of the working angles 
of the minor cutting edge. The working rake angle 
becomes very large and the working clearance angle 
highly negative. Consequently, the tool cannot penetrate 
in the workpiece as far as calculated. With an increase of 
the cutting speed the working clearance angle enlarges, 
which enables a deeper penetration into the material. For 
a cutting speed of 100 m/min the surface roughness 
values measured in the circumferential direction achieve 
almost the double of the vibration amplitude. 
300 μm
a)
f
50 μm
b)
dc
300 μm
c)
f
50 μm
d)
dc
0
1
2
3
4
5
6
7
0 % 60 % 80 % 100 %
Su
rf
ac
e 
ro
ug
hn
es
s R
z(
μm
)
Generator setup for amplitude 
axial direction circumferential direction
0
1
2
3
4
5
6
7
25 m/min 50 m/min 100 m/min
Su
rf
ac
e 
ro
ug
hn
es
s R
z(
μm
)
Cutting speed vc
axial direction
circumferential direction
129 Andreas Nestler and Andreas Schubert /  Procedia CIRP  13 ( 2014 )  125 – 130 
 
An ultrasonic vibration assistance in the feed 
direction leads to a changing feed 
)( sin)( tAftf res  Z . (6) 
Thereby, sinusoidal structures running in the 
circumferential direction are generated. The amplitude 
of these structures corresponds to the amplitude of the 
sonotrode and the period length of the structures can be 
calculated with Equation (5). Fig. 8 represents SEM 
micrographs, which show suchlike sinusoidal structures. 
An ultrasonic vibration assistance in the feed direction 
has no influence on the theoretical roughness, neither in 
the axial direction nor in the circumferential direction. 
This complies with the roughness values measured, 
which are represented in Fig. 9. 
 
    
Fig. 8. SEM micrographs of a surface generated with ultrasonic 
vibration assistance in the feed direction (ap = 0.5 mm, f = 0.1 mm, 
vc = 50 m/min, fus ≈ 24 kHz, A ≈ 2.9 μm) 
(a) SEM magnification 100; (b) SEM magnification 500 
 
Fig. 9. Influence of the amplitude on surface roughness in turning with 
ultrasonic vibration assistance in the feed direction (ap = 0.5 mm, 
f = 0.1 mm, vc = 50 m/min, fus ≈ 24 kHz) 
Three-dimensional surface profiles of specimens 
machined with ultrasonic vibration assistance in 
different directions are presented in Fig. 10. The pictures 
show a detail of the surface structure after eliminating 
the circularity. The feed marks and the size of the 
microstructures in the circumferential direction can be 
seen very distinctly. For an ultrasonic vibration 
assistance in the cutting direction microstructures in the 
circumferential direction are very flat. Compared to this 
surface structure the specimens machined with ultrasonic 
vibration assistance in the radial direction exhibit 
markedly higher steps between the microstructures 
considering the circumferential direction. An ultrasonic 
vibration assistance in the feed direction does not lead to 
a microstructuring in the circumferential direction, but 
there are sinusoidal structures between the feed marks. 
  
 
 
 
 
 
Fig. 10. Surface structures generated in turning with ultrasonic 
vibration assistance in different directions (ap = 0.5 mm, f = 0.1 mm, 
vc = 50 m/min, fus ≈ 24 kHz) 
(a) ultrasonic vibration assistance in the cutting direction (A ≈ 3.6 μm); 
(b) ultrasonic vibration assistance in the radial direction (A ≈ 3.3 μm); 
(c) ultrasonic vibration assistance in the feed direction (A ≈ 2.9 μm) 
3.2.  Influence of ultrasonic vibration assistance on 
residual stresses 
Residual stress measurements were done in order to 
identify the influence of an ultrasonic vibration 
assistance on the residual stress state in the surface layer. 
Because of the very long measurement time of a couple 
of hours for one specimen a selection of the specimens 
was necessary. The single column groups in the 
subsequent diagrams represent the results of in each case 
one measurement. For a comparison of the residual 
stress state the residual stresses in the circumferential 
direction (cutting direction) and in the axial direction 
(feed direction) as well as the first principal residual 
stress were chosen. Fig. 11 shows the influence of an 
ultrasonic vibration assistance in the cutting direction. It 
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can be seen that all values are negative and consequently 
the residual stresses in the aluminium alloy are 
compressive. The absolute values of the residual stresses 
in the circumferential direction are higher than the 
absolute values of the residual stresses in the axial 
direction. This is in accordance with the stress state of an 
unmachined specimen (σrs, circumferential direction = -130 MPa, 
σrs, axial direction = -31 MPa). The absolute values of the first 
principle residual stress are only slightly higher than the 
absolute values of the residual stresses in the 
circumferential direction. This implies that the first 
principal direction corresponds approximately to the 
circumferential direction. An increasing vibration 
amplitude is beneficial for the generation of strong 
compressive residual stresses. This may be explained by 
a reduced temperature in the chip formation zone. 
 
 
Fig. 11. Influence of the amplitude on residual stress state in turning 
with ultrasonic vibration assistance in the cutting direction 
(ap = 0.5 mm, f = 0.1 mm, vc = 50 m/min, fus ≈ 24 kHz) 
An ultrasonic vibration assistance in the radial 
direction (Fig. 12) leads to much higher compressive 
residual stresses than an ultrasonic vibration assistance 
in the cutting direction. An increase of the vibration 
amplitude causes a raise of the absolute values of the 
residual stresses, especially for the axial direction. It is 
supposed that an ultrasonic vibration assistance in the 
radial direction has a similar effect like shot peening 
concerning the residual stress state of the surface layer. 
 
 
Fig. 12. Influence of the amplitude on residual stress state in turning 
with ultrasonic vibration assistance in the radial direction 
(ap = 0.5 mm, f = 0.1 mm, vc = 50 m/min, fus ≈ 24 kHz) 
An ultrasonic vibration assistance in the feed 
direction has no significant effect on the residual stress 
state, because there is neither an additive mechanical 
load nor a significant reduction of the thermal loads.  
4.  Summary and conclusions 
The test results have shown that an ultrasonic 
vibration assistance offers high potential for the 
generation of microstructures with a defined geometry. 
A broadening of the technical capabilities concerning the 
microstructure geometry can be achieved by an 
adaptation of the tool geometry (working angles at the 
cutting edge, tool corner geometry, minor cutting edge 
angle). Furthermore, it is possible to generate flat 
surfaces with defined microstructures by amending a 
turning process with a very small depth of cut after 
machining with ultrasonic vibration assistance in the 
radial direction.  An ultrasonic vibration assistance in the 
radial direction or in the cutting direction leads to an 
increase of the compressive residual stresses.  
The results presented are conferrable from external 
turning to facing, which enlarges the range of 
applications considerably. 
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